Six isolates of erythromelalgia-related poxvirus (ERPV) were characterized with respect to host range, c.p.e, and inclusions, pock formation on chorioallantoic membrane (CAM), morphogenesis, serological reactivity, pathogenesis in animals and DNA restriction fragment profile. The results suggest that ERPV is either a new member of the Orthopoxvirus genus or a subspecies of ectromelia virus. Evidence is provided that (i) ERPV has a wide host range in vitro in which characteristic viral c.p.e, and inclusion bodies are induced; (ii) ERPV, unlike ectromelia virus, causes the formation of tiny greyish-white pocks on CAM both at 34 °C and 39 *C; (iii) eosinophilic A-type inclusions of ERPV do not contain viral particles; (iv) ERPV isolates are neutralized by both rabbit anti-vaccinia virus and mouse anti-ectromelia virus sera, but not vice versa; (v) young rabbits are not susceptible to ERPV by skin and/or corneal scratch infection even though ERPV is lethal for mice by intraperitoneal inoculation; (vi) the HindlII and Sail fragment profiles ofERPV P-4 DNA are similar to, but obviously different from, those of Chinese ectromelia virus. These biological and pathogenic characteristics of ERPV are distinguishable from those of other members of the genus Orthopoxvirus currently described in the literature.
Introduction
Erythromelalgia-related poxvirus (ERPV), initially referred to as Zheng-Zhang virus, has been isolated from the throats of patients with symptoms of epidemic erythromelalgia (Zheng et al., 1988a, b) . The symptoms include mild fever, oedema and congestion of the feet, difficulty walking and unbearable burning or needle-like pain of both feet and toes which can be relieved by uncovering or cold washing of the feet. The disease was mainly observed in 15-to 17-year-old female students attending secondary schools (Zheng et al., 1987; Hubei Branch of the Chinese Medical Association, 1988; Zhang et al., 1990) . Previous studies of viral isolation indicated that ERPV is a large DNA-containing, etherresistant virus. Electron microscopy, using negatively stained specimens, showed that ERPV particles are ovoid-or brick-shaped measuring 239 + 26 nm by 181 + 26 nm. The surface striations of the viral particles are similar to those of the M form of vaccinia virus (Zheng et al., 1988a, b) . Electron microscopy revealed seven forms of developing viral particles in infected cells, probably representing various stages of morphogenesis of the particles. A core and lateral bodies were noted in mature virus particles and these were enclosed by an outer membrane (Zheng et al., 1988 c) . Based upon these findings, it has been suggested that ERPV is a member of the Orthopoxvirus genus. However, whether ERPV is a new poxvirus, a natural recombinant, or an old member of the Orthopoxvirus genus causing a new disease in humans remains to be confirmed. Therefore, precise identification of ERPV is necessary based upon its biological, serological and pathogenic properties. The present report extends our previous results which identified the unique characteristics of ERPV.
Methods

Viruses
(i) ERPV. Six isolates of ERPV which had been passaged three or four times in cell culture were used in this study. Five isolates (H-1 from Hanchuan County; P-l, P-2, P-3 and P-4 from Puqi County) were from an epidemic outbreak which occurred in February 1987 (Zheng et al., 1988a, b) and one isolate (W-1 from Wuhan City) was from another small epidemic during December 1987 (Zhang et al., 1990) . The isolation and passage history of these viruses are summarized in Table 1. (ii) Vaccinia virus. The Tiantan and Guan-9 strains (a small plaque mutant of the Tiantan strain; unpublished data) were obtained from Dr 0001-0862 © 1992 SGM (iii) Ectromelia virus. Chinese ectromelia virus (CECT) strain MB35, isolated from mice in China (Sun, 1964) , was received from Dr HuiYing Wu of CNIBDC.
Cell cultures. Various cell cultures, including continuous cell lines such as MA 104 (monkey kidney), BS-C-1 (African green monkey kidney), HEp-2 and rat-2, and primary cell cultures such as rabbit kidney (RK), guinea-pig embryo (GPE), chicken embryo (CE) and human embryo lung (HEL) cells, as well as a human embryonic lung cell line (HELC-T) transformed spontaneously in our laboratory (Z. M. Zheng et al., unpublished data) , were used to grow ERPV. Monolayers of all cells were grown at 36 °C in Eagle's MEM with Hanks' balanced salt solution plus 10% newborn bovine serum (NBS). Infected cells were maintained in MEM with Earle's balanced salt solution (EMEM) plus 2~ NBS.
Virus growth. Monolayers of MA 104 cells in 50 cm 2 tissue culture bottles were infected with 0-1 ml (104 p.f.u./0.1 ml) of ERPV P-4. After adsorption at 36 °C for 1 h, 10 ml of EMEM plus 2~ NBS was added and the infected cell cultures were incubated at 36 °C. Supernatant fluid was then collected sequentially from infected cell cultures at 24, 48, 72 and 96 h post-infection (p.i.) and the virus titre was determined using a plaque assay (Zheng et al., 1983) in MA 104 cells. The virus content of infected cells was also determined. Briefly, infected monolayers were trypsinized and collected at 96 h p.i. After washing the infected cells three times with PBS, 10 ml of EMEM plus 2~ NBS was added, the infected ceils were frozen and thawed three times, and the supernatant fluid was titrated using serial 10-fold dilutions.
Light and electron microscopy. Infected cells were fixed with Zenker's solution and stained with haematoxylin and eosin prior to examination by light microscopy. Thin sections of infected cells for electron microscopy were fixed, embedded and stained as described previously (Doane, 1986; Zheng et al., 1988c) .
Serological identification. Antisera, including sheep anti-orf virus (V74-I-003), cow anti-parapoxvirus (V72-I-410), rabbit anti-vaccinia virus (pool 4), rhesus monkey anti-tanapoxvirus (82-10), rabbit antiYaba-like poxvirus (778), raccoon anti-raccoon poxvirus (V71-I-84) and human anti-molluscum contagiosum virus were obtained from Dr J. J. Esposito (Centers for Disease Control, Atlanta, Ga., U.S.A.). Mouse anti-CECT (Wu, 1986) was received from Dr H. Y. Wu of CNIBDC. Rabbit anti-ERPV sera (Cai et aL, 1989) were prepared in our laboratory. A plaque reduction neutralization assay was used for serological identification as described previously (Zheng et al., 1983 (Zheng et al., , 1984 .
Pock formation on chorioallantoic membrane (CAM).
The procedures for the preparation of CAMs for inoculation of virus and for harvesting membranes are described elsewhere (Hsiung, 1982) . Twelve-day-old chicken embryos were used in this study. After infection of the CAM some eggs were incubated at 34 °C and others at 39 °C. The infected CAMs were collected at 3 days p.i.
Animal infection. One-month-old New Zealand white rabbits were infected by sktn and corneal scratch inoculation with 0.1 ml PBS containing 104 p.f.u. ERPV. Infected rabbits were observed for 3 weeks. The newborn and l-month-old Kunming mice (outbred with Swiss mice; Man & Chen, 1989) were infected by intraperitoneal (i.p.) inoculation.
Virus purification and DNA restriction endonuclease mapping. Virus particles were purified from the cytoplasm of infected CE cells by a combination of trypsin treatment and centrifugation through 20 to 50 (w/v) sucrose gradients, as described by Joklik (1962) . Evidence for the purity of the preparations was provided by formation of a homogeneous band in density gradients and by electron microscopy. Virion DNA was prepared essentially as described previously (Esposito et al., 1981) . Purified DNA was then digested at 37 °C for 3 h with either HindlIl or Sail (BRL). Virion DNA fragments generated by restriction endonuclease cleavage were separated by electrophoresis through a 0.65% agarose gel that contained Tris-phosphate buffer pH 8-0 and ethidium bromide (0-5 Ixg/ml). DNA fragment sizes were determined by their relative mobilities (Miiller et al., 1977) .
Results
Cytopathic effect in different cells
All six isolates of ERPV had a wide range of host susceptibility in cell culture. Cell lines tested to date that were sensitive to ERPV infection include the primary cell cultures GPE (shown in Fig. 1 a and b) , RK, CE and HEL cells (shown in Fig. 1 e and d); also susceptible were the continuous cell lines MA 104 (shown in Fig. 1 e and f), BS-C-1, HEp-2, rat-2 and HELC-T cells (not shown). The infected cells initially showed swollen and poorly defined cell margins. Typical c.p.e, in HEL, MA 104, BS-C-1, HEp-2 and HELC-T cells was multinucleated giant cell tormation by 3 days p.i. (Fig. l f) . This varied slightly from one cell type to another. Cells of human origin showed similar c.p.e. (Fig. 1 d) to monkey cells ( Fig. l f) ; in both cases syncytia were readily observed. In contrast, syncytia were not apparent in infected nonprimate cell cultures, such as GPE (Fig. 1 b) , RK, rat-2 or CE cells. However, the capacity to form syncytia developed after several passages of ERPV-infected rat-2 cells.
All six isolates of ERPV induced both eosinophilic cytoplasmic inclusions (A-type inclusions, ATI) and basophilic cytoplasmic inclusions (B-type inclusions, BTI, also called virus factories) in infected cell cultures. ATIs were more prevalent and thus more easily observed in H E L C -T cells (Fig. 1 g ) a n d rat-2 cells b y u s i n g light microscopy. T h e r o u n d A T I s , w h i c h v a r i e d in size, were readily d i s t i n g u i s h a b l e from the irregularly s h a p e d BTIs.
Virus growth in MA 104 cells
Virus titres in s u p e r n a t a n t fluids collected s e q u e n t i a l l y from infected cell cultures at 24, 48, 72 a n d 96 h p.i. are Fig. 3 shows electron micrographs illustrating different stages of virion morphogenesis. Developing immature viral particles were often seen within BTIs (Fig. 3a) . Condensing nucleoprotein cores were eccentrically located in a spicule m e m b r a n e at an early stage of immature virus particle formation (Fig. 3 a) . E R P V A T I s were also seen in the cytoplasm of infected cells (Fig. 3 a,  arrowhead) . The ground substance of A T I was composed o f a homogeneous coarsely granular, electron-dense material. As illustrated in Fig. 3(a) , no virus particles were seen in ATIs. Virus maturation in infected cells was usually associated with swollen cellular endoplasmic reticulum (ER) and degenerated mitochondria (MI) (Fig. 3a) . Mature virus particles were seen with a condensed dumb-bell-shaped D N A -c o n t a i n i n g core ( Fig. 3 b) with lateral bodies in the concavities of the core. The core and lateral bodies were enclosed by an outer m e m b r a n e (Fig. 3c) . 
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Viral morphogenesis
Pock morphology
Inoculation of the ERPV P-4 and W-1 isolates onto the C A M of 12-day-old chicken embryos produced greyishwhite pocks (Fig. 4) at 34 °C and 39 °C at 3 days p.i. The pocks were better formed at 39 °C than at 34 °C. The size of the ERPV pocks was needle-tip-like with a diameter of about I mm. The other four ERPV isolates formed similar pocks on the CAM. No haemorrhagic pocks were seen during these studies.
Serological identification
As described in Methods, nine anti-poxvirus sera were tested for their ability to neutralize ERPV. The six ERPV isolates could be neutralized only by rabbit antivaccinia virus, mouse anti-CECT and rabbit anti-ERPV sera (data not shown; see also Cai et al., 1989) .
However, when rabbit anti-ERPV sera were used to cross-neutralize vaccinia virus and CECT, plaque reduction was not observed for either the Tiantan strain or the Guan-9 strain of vaccinia virus nor the C E C T strain MB35 (Table 2) .
Animal infection
Eleven rabbits infected by skin scratch and corneal scratch inoculation showed neither visible skin lesions nor keratitis during a 3 week observation period. Intraperitoneal inoculation (2 x 104 p.f.u.) of twelve 1-day-old mice (outbred Kunming strain) with ERPV resulted in death from 3 days onwards. The only signs of infection noted when mice were examined daily were swelling and congestion of the feet (Fig. 5 ). E R P V was recovered from 10 ~ (w/v) suspensions of either affected feet or visceral organs of dead mice. Eight 1-month-old mice (outbred Kunming strain) inoculated i.p. with 2 x 104 p.f.u. ERPV died without visible foot lesions at 35 days p.i.
Electrophoretic analysis of ERPV DATA restriction endonuclease digests
Fig . 6 shows the purified virion preparations used for isolation of virion DNA. E R P V P-4 (Fig. 6a) and C E C T MB35 (Fig. 6b ) viral particles had a uniform brick-like shape; however, their surfaces differed in the appearance of the stripe arrangement. D N A s from E R P V P-4 and CECT MB35 virions were each digested separately with both HindlII and SalI. The digested DNA fragments were separated by electrophoresis and then assigned a letter in alphabetical order (largest to smallest). The DNA fragment profile for ERPV P-4 was similar to, but distinguishable from, that of CECT MB35. The HindlH fragment profile of ERPV P-4 had a larger B and an extra E band and lacked D, J, L and M fragments present in the DNA of the CECT MB35 strain (Fig. 7) . In addition, ERPV P-4 lacked two SalI bands, C and M, generated from CECT (Table 3) . Genome DNA size estimates, determined by adding up the sizes of individual restriction fragments for each virus (listed in Table 3 ), indicated that ERPV P-4 DNA was 181 to 188 kbp (Mr 118 x 106 to 123 x 106) and CECT DNA was 201 to 208 kbp (Mr 131 x 106 to 135 x 106). Thus, ERPV DNA was approximately 20 kbp smaller than that of CECT.
Discussion
Repeated virus isolations from Chinese epidemic erythromelalgia patients (Zheng et al., 1988a, b; Zhang et al., 1990) were achieved in our laboratory. The fact that six isolates were directly isolated from throat swabs of patients with symptomatic erythromelalgia and that five of them were tested without prior passage in mice (Esposito et al., 1981) .
reduced the possibility of laboratory contamination. Furthermore, the rate of detection of anti-ERPV ATI antibody using an immunofluorescence technique was significantly higher (P < 0.005) in the sera from patients with epidemic erythromelalgia (49 of 125; 39.2%) as compared with the sera controls from non-diseased local students (2 of 17; 11.8 %) or 'American' controls (5 of 42; 11.9%) (Zheng et al., 1991) . Our studies have shown that ERPV has a wide host range in vitro and can infect many kinds of cultured cells. Observation of the capacity to form syncytia indicates that ERPV infects primate cells mostly via cell to cell spread. Virus growth curve studies suggest that although virus particles in infected MA 104 cells are gradually released, many virions remain cell-associated. ERPV acquires the ability to form syncytia after several passages in infected rat-2 cells.
Since ERPV is neutralized by rabbit anti-vaccinia virus and mouse anti-ectromelia virus, it can be considered an Orthopoxvirus based on serological crossreactivity. This conclusion is consistent with observations of viral morphology in previous reports (Zheng et al., 1988a, b, c) . The reason why anti-vaccinia virus and anti-CECT sera cross-react with ERPV (Cai et al., 1989) but not vice versa remains to be determined. This single direction of cross-neutralization suggests that ERPV has several neutralizing antigenic epitopes, only some of which are shared with vaccinia virus and ectromelia virus. Similar results are reported in other Orthopoxvirus cross-neutralization studies (Baxby, 1982) .
Like other Orthopoxviruses, ERPV has a wide host range in vitro. However, ERPV has several unique biological properties. First, infected cells in culture exhibit virus-free ATI (ATI V-). Not all Orthopoxviruses produce ATIs. Apparently condensation of the so-called ATI protein to form inclusions is dependent on its size. It varies in size from > 100K in cowpox virus-, ectromelia virus-, raccoon poxvirus-and volepox virus-infected cells which show ATIs, to < 100K in vaccinia virus-and monkeypox virus-infected cells which do not show ATIs (Patel & Pickup, 1987) . The ATIs produced by the former group usually contain virus particles (ATI V ÷) (Ichihashi & M atsumoto, 1968) . Only a few strains of this genus, such as the CPR-CI strain of cowpox virus and Ishibashi strain of ectromelia virus, produce ATI V- (Ichihashi & Matsumoto, 1966 , 1968 . Second, ERPV produces small greyish-white pocks on the CAM at both 39 °C and 34 °C. This is in contrast to vaccinia and ectromelia viruses. The former produces large (3 to 4 mm) greyish-white pocks and the latter can form pocks on the CAM only below 39 °C (Fenner et al., 1989) . The use of the CAM is one of the best methods both to isolate and to identify Orthopoxviruses according to their characteristic pock morphology and pock formation conditions (Nakano, 1986; Nakano & Esposito, 1989) . Third, ERPV is not pathogenic for rabbits in our study, which distinguishes it from vaccinia and ectromelia viruses. These latter two viruses were reported to induce lesions on the skin and/or the cornea of rabbits by scratch inoculation (Andrewes & Pereira, 1972; Andrewes et al., 1978; Rowson et al., 1981; Fenner et al., 1989) .
ERPV is a lethal agent in mice when administered i.p. The foot oedema and congestion of infected newborn Kunming mice were very similar to the symptoms of erythromelalgia seen in humans (Zheng et al., 1987) . Histopathological study of foot sections of sick mice showed lymphocyte infiltration (J. J. Liu & Z. M. Zheng, Andrewes & Pereira (1972) , Andrewes et at. (1978) , Baxby (1984) , Nakano (1986) , Pickup et al. (1986) , Rowson et al. (1981) , Fenner et al. (1989) and Dumbell (1989) . unpublished data). That ERPV was recoverable from the feet and viscera of infected newborn Kunming mice suggested that the virus was widely distributed in the tissues of these animals. Thus, the foot oedema and congestion in the infected animals may indicate a secondary localization of the virus at this site. However, the greater lethality of ERPV in mice seems to be related to their age at the time of infection.
DNA HindlII fragment analysis of poxviruses has provided a useful approach to taxonomic and epidemiological studies (Esposito et al., 1978; Esposito & Knight, 1985; Rosen et al., 1987; Gershon & Black, 1988) . The ERPV P-4 HindlII electropherogram was similar to, but different from, that of CECT, which further implies that ERPV might be either a new poxvirus or a subspecies of ectromelia virus. So far, four ectromelia virus strains (Mill Hill, Moscow, Hampstead and Murich isolate E-5/ 1973) have been mapped by DNA HindlII endonuclease digestion in different laboratories (Miiller et al., 1977; Mackett & Archard, 1979; Esposito & Knight, 1985) . The results from those studies showed exactly the same electrophoretic DNA HindlII profiles of different strains. Therefore, the unique pattern for the ERPV DNA HindlII fragment profile and its smaller size (20 kbp) compared to ectromelia virus strains suggest the uniqueness of this virus. Table 4 summarizes the major biological and pathogenic properties of ERPV compared with other orthopoxviruses. Based on this comparison and ERPV restriction endonuclease mapping data, we suggest that this poxvirus be considered as either a new member of the genus Orthopoxvirus or a subspecies of ectromelia virus.
